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a b s t r a c t
An outdoor experiment testing the effect of water ﬂea (Daphnia longispina) and zebra mussels (Dreis-
sena polymorpha) on physical and chemical water parameters and chlorophyll concentration changes
was carried out in 12 containers ﬁlled with 150 l of unﬁltered water from a lowland reservoir. During
the 11 weeks of the experiment, the following physical, chemical and biological measurements were
recorded: temperature (◦C), oxygen concentration (mgdm−3), pH, conductivity (S cm−1), concentration
of phosphate phosphorus (PO4-P) and ammonia nitrogen (NH4-N) (gdm−3), total nitrogen (TN) and total
phosphorus (TP) (gdm−3), phytoplanktoncommunity structureandchlorophylla concentration (gdm−3).
The amount of ammonia ions was the highest in the treatment with zooplankton, while phosphate ions
reached the highest values in treatmentswith zebramussels. The results conﬁrmed the ability ofDaphniahlorophyll concentration
hytoplankton community structure
ydrodictyon reticulatum
to increase the NH4:PO4 ratio, whereas excretion from zebra mussels resulted in a decrease in both the
N:P ratio (ranging from 9 to 13) and the NH4:PO4 ratio in water. In both treatments containing zebra
mussels, P-rich water enabled sudden growth of Chlorophyta, resulting in blooms of Hydrodictyon reticu-
latum after 3–4 weeks of the experiment. Such phenomena were not observed in the control and Daphnia
treatments. Our results indicate that zebra mussels, in contrast to Daphnia, may increase the symptoms
nd coof water eutrophication a
ntroduction
Herbivores and detritus consumers play a crucial role in a trans-
er of carbon, energy and nutrients in all food webs (Cebrian,
004). The efﬁciency of energy and nutrient relocation by these
nimals depends on food quality, which is mediated by elemental
toichiometry or polyunsaturated fatty acid composition (Müller-
avarra et al., 2000). The availability of nitrogen and phosphorus
upplied by phytoplankton is an important factor affecting not
nly individual growth and reproduction of secondary consumers
ut also their interspeciﬁc competition (Persson et al., 2007). Con-
ersely, animals can affect producers by nutrient supply rates and
atios through excretion and egestion (Sterner, 1986; Attayde and
ansson, 1999). In lakes, nutrient recycling by zooplankton and
ebra mussels (Dreissena polymorpha, Pallas), which are an exotic
ivalve species, has been recognised as an important source of
utrients for phytoplankton growth (Lehman, 1980; Conroy et al.,
005). Previous estimates of the fraction of N and P regenerated
y zooplankton and then utilised by phytoplankton range from
4% to 50% (Hudson et al., 1999; Ejsmont-Karabin et al., 2004).
owever, the range may change dynamically because this pro-
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© 2010 Elsevier GmbH. All rights reserved.
cess is controlled by many factors, such as temperature, zoo- and
phytoplankton biomass and species composition, internal nutri-
ent ratios and mixing regimes (Bruce et al., 2006). Zebra mussels
could potentially have major effects on the nutrient dynamics
in water ecosystems due to their high ﬁltering capacity, selec-
tive feeding on phytoplankton and intensive excretion of soluble
nutrients (Gardner et al., 1995; Arnott and Vanni, 1996; James
et al., 1997; Bastviken et al., 1998) as well as the decomposition
of their faeces and pseudofaeces (Klerks et al., 1996). In effect,
the levels of nutrients ﬂowing through D. polymorpha populations
are several times higher than those accumulated in their bodies
and shells (Stan´czykowska and Planter, 1985; Stan´czykowska and
Lewandowski, 1993). Thus, it is important to identify and quantify
nutrient remineralisation mechanisms by both ﬁltering zooplank-
ton and zebra mussels. However, studies comparing ﬁlter-feeding
zooplankton and zebra mussel interactions in nutrient regenera-
tion process are very rare (but see Conroy et al., 2005).
For our experiment, we chose Daphnia longispina (O.F. Müller)
as the zooplankton species. We made this choice because Daphnia
is the keystone genus in the pelagic food webs of many temperate
lakes (Persson et al., 2007). Zebra mussels require special atten-
tion because they have been one of the most successful invading
species inmany freshwater ecosystems of Europe andNorth Amer-
ica (Nalepa and Schloesser, 1993). Such intensive zebra mussel
colonisation may alter the composition and dynamics of organisms
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uch as phytoplankton, protozoans or small zooplankton and may
lso affect seston stoichiometry, nutrient cycling processes and
ubsequently affect energy pathways and transfers in local water
odies (Gardner et al., 1995; MacIsaac, 1996; Naddaﬁ et al., 2008).
he complex role of pelagic ﬁlter feeders, such as Daphnia spp., and
nvasive benthic ﬁlter feeders, such as D. polymorpha, suggests that
hese two groups of animals may be the “trouble spots” of fresh-
ater ecosystems and, in our opinion, require comparative studies.
herefore, the aim of this study was to determine and compare
ow Daphnia longispina and zebra mussels inﬂuence phytoplank-
on community structure, nutrient concentration and the physical
arameters of water. We hypothesised that these two ﬁlter feeders
ould alter nutrient regimes due to dissimilar patterns of excretion,
hereby leading to differences in the phytoplankton communities’
evelopment. We presumed that these changes might modify the
hysical parameters of water, such an oxygen concentration, con-
uctivity or pH.We also hypothesised that strong food competition
etween these two ﬁlter feeders may inﬂuence the dynamics of
hytoplankton communities.
aterials and methods
The experiment was conducted from 24 June to 6 September at
he University of Lodz ﬁeld station located near the Sulejow Reser-
oir (51◦22′–51◦28′N and 19◦51′–20◦01′E). Water and specimens
f both D. longispina and D. polymorpha used in the experiment
ere collected from the Sulejow Reservoir. This reservoir is a
5-year-old lowland reservoir situated on 138.9 km of the Pil-
ca River (of the Vistula River catchment) in central Poland. The
ulejow Reservoir is a shallow ecosystem with a mean depth of
.3m. The reservoir is eutrophic, and the mean total phosphorus
oncentration at spring overturn was 0.38mgdm−3 and soluble
norganic nitrogen concentration reached 0.5mgdm−3. The dom-
nant species of bloom-forming cyanobacteria in the reservoir is
icrocystis aeruginosa (Kutzing), which produces microcystin-LR,
YR and -RR (Tarczyn´ska et al., 2001; Jurczak et al., 2005).
Individuals of D. longispina were collected in the open water of
he lacustrine part of the reservoir using a bongo net (a single net of
.5mdiameter and 1.0mmmesh size) thatwas pushed by amotor-
oat for 2min with a speed of 2ms−1 at 1m depth. This method
ade it possible to gather uniformly sized (1mm long) Daphnia
ongispina individuals. Zebra mussels were collected in the shal-
ow littoral part of the reservoir. In the laboratory, colonies were
leaned and weighed and placed in aquaria with reservoir water
or acclimation. After 24h, zebra mussels were used in the experi-
ent. All zebra mussels were weighed again and released back to
he reservoir after the end of the experiment.
The experiment was conducted under natural light and temper-
ture conditions in twelve 200 l polycarbonate containers (115 cm
eight, 60 cm diameter) ﬁlled with 150 l of unﬁltered water from
he Sulejow Reservoir. Water was pumped to a tanker car from
he lacustrine part of the reservoir near the Tresta Bay and was
hen transported to the ﬁeld station. The entire volume of water
as mixed before ﬁlling the containers. The ﬁrst analysis of water
ndicated that initial biomass and species composition of zooplank-
on and phytoplankton was equal in all containers. The initial
otal biomass of zooplankton was very low (0.2mgwwdm−3). We
dentiﬁed four species of rotifers (Keratella cochlearis Gosse, Ker-
tella quadrataO.F.Müller, Polyarthra vulgarisCarlin andBrachionus
alyciﬂorus Pallas), one species of Cyclopoida (Eucyclops serrulatus
isch.) and two genera of Cladocera (Rynchotalona sp. and Pleuroxus
p.).Wedidnot ﬁnd any individuals ofDaphnia sp. (theD. longispina
sed in the experiment was collected in another, pelagic part of the
eservoir). Biomass and species composition of zooplankton were
egularly controlled during the experiment. The unﬁltered water
as used to create natural conditions for the study.Limnologica 41 (2011) 191–200
We prepared four treatments of the experiment (in three repli-
cates):
• Phyto (control with unﬁltered water from reservoir).
• Phyto +Zoo (unﬁltered water +110 ind. dm−3 of Daphnia
longispina, which corresponded to a biomass of 22mgdm−3).
• Phyto +Zoo+Dreis (unﬁltered water +110 ind. dm−3 of Daphnia
longispina+175g of zebra mussel colonies, which corresponded
to a biomass of 500g/m2).
• Phyto +Dreis (unﬁltered water +175g of zebra mussel colonies).
The containers were put into a concrete ditch ﬁlled with water
to 2/3 the height of the containers in order to buffer temperature
ﬂuctuations. Before each weekly sampling occasion water in all
containers was mixed.
Physical water analyses
Water temperature [◦C], total dissolvedoxygen, TDO [mgdm−3],
pH and conductivity [S cm−1]weremeasuredweekly in each con-
tainer at 10:00 a.m. using WTW 340i/SET multisensors.
Daphnia longispina analyses
Zooplankton samples were collected from all treatments every
week with the use of a 5 l sampler. Samples were ﬁltered with the
use of a 64-m mesh net and were then concentrated to 10ml and
preserved in 4% Lugol’s solution. Filtered water was replaced in the
containers. Daphnia longispina and other zooplankton taxa were
identiﬁed under a Nikon 115 microscope and counted to calculate
density (expressed as numbers per litre).
Nutrients concentrations
Phosphate phosphorus (PO4-P) and ammonia nitrogen (NH4-
N) were analysed using a Dionex-1000 which consists of two ion
chromatographies IC, separated for anions and cations. Each IC
(Dionex Corporation, ICS-1000) consists of a pump, eluent, guard
column (CG18 for cations and AG18 for anions), analytical column
(IonPac CS18 for cations, IonPac AS18 for anions) and an elec-
trolytic suppressor (CSRS-ULTRA II cation electrolytic suppressor
and ASRS-ULTRA II anion electrolytic suppressor) to stabilise the
baseline. The cationanalysiswasperformedusing16mMmethane-
sulfonic acid (Fluka). The anion analysis was performed using a
mixture of 4.5mM sodium carbonate and 1.4mM sodium bicar-
bonate prepared from the AS22 Eluent Concentrate (produced by
Dionex Corporation). Both ICs were operated in isocratic elution
in 30 ◦C at a ﬂow rate of 1ml/min. Cation measurements were
performed using a 25l injection loop and anion measurements
were performed using a 450l injection loop. Combined standards
(Seven Anion Standard II, Dionex Six Cation Standard produced by
Dionex Corporation) were used for ion identiﬁcation. Results from
the Dionex-1000 were used to calculate the NH4:PO4 molar ratio.
Total phosphorus (TP) was measured using the ascorbic acid
method (Golterman et al., 1978). Total nitrogen (TN) was analysed
using the persulfate digestion method (method no. 10071; Hach,
1997). Based on these results, we calculated the molar ratio of N:P.
Chlorophyll a concentration
The concentration of chlorophyll a [gdm−3] was measured
immediately after sampling in a 1-l integrated water sample using
a bbe Algae Online Analyser (AOA, Version 1.5 E1, bbe-Moldaenke
company Kiel, Germany) and was classiﬁed into three main groups
of algae (green algae, blue-green algae and diatoms). The measure-
ment principle of bbe AOA is based on the determination of the
wicz / Limnologica 41 (2011) 191–200 193
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uorescence spectrum and the ﬂuorescence kinetics of the algae.
epending on the colour and brightness of the excitation light,
here is a characteristic ﬂuorescence response for algae. A spectrum
f themixturewas recorded for thedifferentiationofdifferent algae
lasses. The different algae classes within the sample were deter-
ined using a statistical arithmetic procedure. This online analyser
s recognised as reliable for chlorophyll a measurement (Cagnard
t al., 2006) and is a useful tool for monitoring phytoplankton com-
unity composition, especially as an early warning system for the
etection of harmful algal blooms (Richardson et al., 2010). In the
ulejow Reservoir, the AOA ﬂuorometer was tested as an early
arning method for cyanobacterial blooms. Results of these stud-
es demonstrated a signiﬁcant positive correlation (r=0.68, n=46,
< 0.05) between cyanobacterial biovolume, as determined by cell
ounts, and cyanobacterial chlorophyll a, as measured by the AOA
Izydorczyk et al., 2009).
Net phytoplankton was weighed (wet weight in grams, ww)
uring sampling occasions and then was returned to containers.
tatistical methods
To test for temperature uniformity between treatments, we
sed one-way ANOVA with treatments as a categorical factor and
emperature as the dependent factor.
To test for the effect of the presence of zooplankton and zebra
ussels on the physical parameters and concentration of nutrients
nd chlorophyll a in water, we used a two-way repeated analysis of
ariance RM-ANOVA with D. longispina and zebra mussels as cate-
orical factors and the weekly measurements of physico-chemical
arameters as replicates. In the case of chlorophyll a concentration,
ata were log(x+1) transformed to stabilise variances.
To test the effect of the presence of zebra mussels on the tem-
oral differences in D. longispina density, we performed a one-way
epeated analysis of variance RM-ANOVA with zebra mussel treat-
ent as the single categorical factor and theweeklymeasurements
f D. longispina density as replicates.
esults
hysical water analyses
We did not ﬁnd any differences in water temperature between
reatments (one-way ANOVA: F3,32 = 0.01, p=0.999). For all treat-
ents, temperature was stable (23.5–24 ◦C) during the ﬁrst half of
he experiment (from 28 June to 26 July) and decreased during the
econd half of the experiment (2 August to 6 September) from 21.9
o 15.6 ◦C (Fig. 1c).
ThepH ranged from7.3 to 9.6 and showeda rising tendencydur-
ng the last month of the experiment in all treatments (Fig. 1a). The
ighest pH values were observed in zebra mussel treatments on 12
uly. Positive effects of both zebra mussels and D. longispina on pH
ere signiﬁcant whereas the zebra mussel×Daphnia interaction
ere not signiﬁcant (Table 1).
The conductivitywas highest in the Phyto +Zoo treatment (with
ariance from290S cm−1 on28 June to195S cm−1 on6Septem-
er, Fig. 1b), and the effect of Daphnia presence was signiﬁcant
Table 1). There was no signiﬁcant inﬂuence of zebra mussels on
ater conductivity, but the zebramussel×Daphnia interactionwas
igniﬁcant. The analysis of the interaction plot indicated that the
ositive inﬂuence of Daphnia on the water conductivity occurred
nly in the case of zebra mussels absence.There were signiﬁcant positive effects of Daphnia and zebra
ussels on the total dissolved oxygen concentration (Table 1).
he maximum TDO value observed in the Phyto +Zoo+Dreis treat-
entwas 13.99mgdm−3 (5 July; Fig. 1d). ThemaximumTDOvalueFig. 1. Physicalwater parametersmeasured in studied treatments during the exper-
iment: (a) pH, (b) conductivity [S cm−1], (c) temperature [◦C] and (d) oxygen
concentration [mgdm−3]. Points represent an average of three replicates (±S.D.).
observed in the Phyto +Dreis treatment was 12.55mgdm−3 (16
August; Fig. 1d). Lower TDO concentrations corresponded with the
highest water temperatures, except during the last 3 weeks of the
experiment (Fig. 1c and d). The effect of the zebramussel×Daphnia
interactiononTDOwas signiﬁcant andwas correlatedwith thepos-
itive inﬂuence of Daphnia on the oxygen concentration only in the
case of zebra mussels absence.
Daphnia longispina and zebra mussel analysesThe density of D. longispina was signiﬁcantly higher in the
Phyto +Zoo treatment than in the Phyto +Zoo+Dreis treatment
(RM-ANOVA: F1,4 = 53.58, p<0.01). The time effect on the den-
sity of D. longispina was also signiﬁcant (RM-ANOVA: F9,36 = 48.14,
194 A. Wojtal-Frankiewicz, P. Frankiewicz / Limnologica 41 (2011) 191–200
Table 1
Results of repeated measures ANOVA testing the effects of Daphnia sp. and zebra mussels presence on the temporal changes of physical parameters. As in our paper we were
not exploring effects involving time interactions they were not placed in the table. Signiﬁcant p values are underlined.
Overall effect df F-ratio p value Tukey, posthoc
pH
Daphnia 1, 8 13.92 <0.01 Daph. present >Daph. absent
Zebra mussel 1, 8 34.76 <0.001 Zebra present > zebra absent
Daphnia× zebra mussel 1, 8 4.64 >0.05 N.S.
Time 8,64 118.49 <0.001
Conductivity
Daphnia 1, 8 32.43 <0.001 Daph. present >Daph. absent
Zebra mussel 1, 8 3.07 >0.05 N.S.
Daphnia× zebra mussel 1, 8 71.68 <0.001
Time 8, 64 93.65 <0.001
Oxygen
Daphnia 1, 8 7.26 <0.05 Daph. present >Daph. absent
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greater inﬂuence ofDaphnia on the phosphate phosphorus concen-
trations in the case of zebra mussels absence.
The highest NH4:PO4 molar ratio was observed in the
Phyto +Zoo treatment (Fig. 4), especially between 12 and 26 July,Zebra mussel 1, 8 56
Daphnia× zebra mussel 1, 8 6
Time 8, 64 10
<0.001). Density in the Phyto +Zoo treatment ranged from
10 ind. dm−3 at the start of the experiment (24 June) to
4 ind. dm−3 on 12 July and decreased to 16 ind. dm−3 at the
nd of the study (6 September). The density of D. longispina
ecreased during the study in the Phyto +Zoo+Dreis treatment
rom 110 to 38.6 ind. dm−3 on 12 July and ﬁnally to 14 ind. dm−3
Fig. 2). Daphnids were not found in the Phyto and Phyto +Dreis
reatments.
The total average biomass of other groups of zooplankton varied
rom0.2 to0.7mgdm−3 during the experiment.Wedidnotﬁndany
igniﬁcant differences in biomass and species composition of the
ther zooplankton taxa between treatments.
The weight of zebra mussel colonies (live individuals + empty
hells) did not change in the Phyto +Zoo+Dreis treatment during
he duration of the experiment and remained at 175g. However,
ebra mussel colony weight increased from 175g to 190.4 g in the
hyto +Dreis treatment.
utrients concentrations
The concentrations of ammonia nitrogen (NH4-N) and phos-
hate phosphorus (PO4-P) at the start of the experiment were
.1gdm−3 and 38gdm−3, respectively. In the control treat-
ent, ammonia concentrationsweremaintained at a constant, lowevel (ranging from 9.1 to 6.45gdm−3). The highest values of
mmonia were observed in the Phyto +Zoo treatment and ranged
rom 69.36gdm−3 on 12 July to 26.53gdm−3 on 6 September
Fig. 3a). This positive Daphnia effect on the ammonia concentra-
ig. 2. Daphnia longispina density [ind. dm−3] in Phyto +Zoo (grey) and
hyto +Zoo+Dreis (black) treatments. Bars represent an average of three
eplicates (±S.D.).<0.001 Zebra present > zebra absent
<0.05
<0.001
tions was signiﬁcant (Table 2). There was no signiﬁcant inﬂuence
of zebra mussels on the ammonia concentrations, but the zebra
mussel×Daphnia interaction was signiﬁcant because the positive
inﬂuence of Daphnia on the ammonia concentrations occurred
mainly in the case of zebra mussels absence.
Phosphate phosphorus increased dramatically from 28 June to
12 July (maximum value: 86.47gdm−3) in both zebra mussel
treatments (Fig. 3b) and decreased at the end of the experiment.
There was a signiﬁcant positive effect of both zebra mussels and
Daphnia on the phosphate phosphorus (Table 2). The zebra mus-
sel×Daphnia interaction was also signiﬁcant and resulted from aFig. 3. The concentrations of (a) ammonia nitrogen and (b) phosphate phosphorus
[g dm−3] in four treatments of the experiment. Points represent averages of three
replicates (±S.D.). The arrow marks the beginning of green algae bloom.
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Table 2
Results of repeated measures ANOVA testing the effects of Daphnia sp. and zebra mussel presence on the temporal changes of nutrients and chlorophyll a concentration in
water. As in our paper we were not exploring effects involving time interactions they were not placed in the table. Signiﬁcant p values are underlined.
Overall effect df F-ratio p value Tukey, posthoc
NH4-N
Daphnia 1, 8 203.98 <0.001 Daph. present >Daph. absent
Zebra mussel 1, 8 0.70 >0.05 N.S.
Daphnia× zebra mussel 1, 8 133.76 <0.001
Time 9, 72 46.32 <0.001
PO4-P
Daphnia 1, 8 30.02 <0.001 Daph. present >Daph. absent
Zebra mussel 1, 8 123.05 <0.001 zebra present > zebra absent
Daphnia× zebra mussel 1, 8 18.42 <0.01
Time 9, 72 29.39 <0.001
NH4:PO4 ratio
Daphnia 1, 8 612.93 <0.001 Daph. present >Daph. absent
Zebra mussel 1, 8 11.27 <0.01 Zebra present < zebra absent
Daphnia× zebra mussel 1, 8 403.15 <0.001
Time 9, 72 22.12 <0.001
N:P ratio
Daphnia 1, 8 2.89 >0.05 N.S.
Zebra mussel 1, 8 218.14 <0.001 Zebra present < zebra absent
Daphnia× zebra mussel 1, 8 7.40 <0.05
Time 5, 40 2.45 >0.05 N.S.
Chlorophyll a
Daphnia 1, 8 13.78 <0.01 Daph. present >Daph. absent
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Daphnia× zebra mussel 1, 8 0
Time 8, 64 38
hen values varied from 6.31 to 5.62. In zebra mussel treat-
ents, the NH4:PO4 ratio ﬂuctuated between 0.72 and 3.08. The
owest NH4:PO4 molar ratio was observed in the Phyto treat-
ent (Fig. 4). We found a signiﬁcant positive effect of Daphnia
nd a signiﬁcant negative effect of zebra mussels on the NH4:PO4
olar ratio (Table 2). The zebra mussel×Daphnia interaction was
lso signiﬁcant, and the positive inﬂuence of Daphnia on the
H4:PO4 molar ratio occurred mainly in the case of zebra mussels
bsence.
The lowest N:P ratio was found in both zebra mussel treat-
ents (Fig. 5), and the values decreased from 16 (5 July) to 8.7
6 September). This negative effect of zebra mussels on the N:P
atio was signiﬁcant (Table 2). We observed the highest molar N:P
atio (maximal range from 26 to 23 during the last 7 weeks of
he experiment) in the Phyto +Zoo treatment (Fig. 5), although the
ain effect of Daphnia on N:P ratio was not signiﬁcant. The zebra
ussel×Daphnia interaction was signiﬁcant and resulted from a
reater positive inﬂuence of Daphnia on the N:P ratio in the case of
ebra mussels absence.
ig. 4. Molar NH4:PO4 ratios in the four treatments of the experiment. The arrow
arks when the green algae bloom appeared.<0.001 Zebra present > zebra absent
>0.05 N.S.
<0.001
Chlorophyll a concentration
At the start of the experiment, chlorophyll a concentration
was very low in all treatments (0.33gdm−3 of green algae and
0.76gdm−3 of diatoms). In the control treatment, green algae had
low levels of Chl a concentration until the end of the study (Fig. 6a).
In the Phyto +Zoo treatment, small cells of green algae appeared
on 19 July, and the maximum concentration of Chl a was observed
during the last month of the experiment (7.93–15.86gdm−3;
Fig. 6b). Thedynamic growthof green algae tookplace in both zebra
mussel treatments (Fig. 6c and d) during the second half of the
experiment (Photo 1). Besides the small forms of green algae, we
observed Hydrodictyon reticulatum (L.) (water net) on 26 July. The
highest chlorophyll a concentrations appeared in the Phyto +Dreis
treatment (139gdm−3 of seston green algae and 94.3 g ww of
water net) on 6 September. The positive effect of both Daphnia and
zebra mussels on green algae Chl a concentration was signiﬁcant,
whereas the zebramussel×Daphnia interactionwasnot signiﬁcant
(Table 2).
Fig. 5. Molar N:P ratios in the four treatments of the experiment. The arrow marks
the beginning of the green algae bloom.
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Fig. 6. Chlorophyll a concentration [gdm−3] (bars) and wet weight [g] of
g
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Fig. 7. Chlorophyll a concentration [gdm−3] of cyanobacteria in: (a) Phyto, (b)reen algae (points) in: (a) Phyto, (b) Phyto +Zoo, (c) Phyto +Zoo+Dreis and (d)
hyto +Dreis treatments. Bars represent an average of three replicates (±S.D.).
Cyanobacteria (mostly Microcystis aeruginosa) were observed in
ll experimental treatments but had low biomass (Fig. 7). In Phyto
nd Phyto +Zoo treatments, chlorophyll a concentration did not
xceeded1.3gdm−3 (Fig. 7a andb) during the entire studyperiod.
igher values of Chl a were found in zebra mussel treatments,
ith a maximum of 4.24gdm−3 in Phyto +Zoo+Dreis and a max-
mum of 7.62gdm−3 in Phyto +Dreis during the last sampling
eriod (Fig. 7c and d). However, no signiﬁcant inﬂuence of either
ebramussels orDaphnia on cyanobacteria Chl a concentrationwas
ound.
Diatom biomass increased until 12 July (the highest value of Chl
was 2.79gdm−3) in the control treatment (Fig. 8a), and then
evels dropped to 0.41gdm−3 at the end of the experiment. ThePhyto +Zoo, (c) Phyto +Zoo+Dreis and (d) Phyto +Dreis treatments. Bars represent
an average of three replicates (±S.D.).
zoo treatments (Phyto +Zoo and Phyto +Zoo+Dreis) were charac-
terised by the lowest Chl a concentration of diatoms (maximum of
1.59gdm−3; Fig. 8b and c). The highest concentrations of diatom
Chl a were observed in the Phyto +Dreis treatment, especially on 6
September (4.41gdm−3; Fig. 8d), although this positive effect of
zebra mussels on diatom Chl a concentration was not statistically
signiﬁcant.
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iscussion
The optimal environmental conditions to ensure the high
olonisation potential of zebra mussels (according to O’Neill, 1996)
allwithin the following ranges: (1)water temperature of 18–25 ◦C,
2) dissolved oxygen concentrations to 8–10mgdm−3, (3) a pH of
.5–9.0 and (4) conductivity of >110S cm−1. Physical parameters
f our experiment fell within these optimal ranges, except for pH
alues from 9 to 16 August when pH was above 9 in mussel treat-
ents. A signiﬁcant increase in pH values from 19 July in zebra
ussel treatments was the effect of a high rate of CO2 taken by
ntensively photosynthesised green algae (Figs. 1a and 6c and d).
igniﬁcant positive effects of zebra mussels on the total dis-
olved oxygen concentration that were observed mainly during
he appearance of blooms also resulted from the photosynthesis
f algae (Figs. 1d and 6c and d) because samples were collected
uring the daytime. The statistically signiﬁcant inﬂuence of D.
ongispinaonwater conductivitywascausedbysimultaneouswater
nrichment in dissolved forms of nutrients (mainly N-NH4) by
aphnid excretion and low biomass of maintained phytoplank-
on (Figs. 1b, 3a and 6–8b). Such an effect was only observed in
he Phyto +Zoo treatment. This was supported by the interaction
lot analysis, which indicated that the positive affect of Daphnia
n water conductivity occurred only in the case of zebra mussels
bsence. These results conﬁrmed our hypothesis that the two stud-
ed ﬁlter feeders indirectly modify physical parameters of water
y excretion and alteration of phytoplankton community structure
nd dynamics.
During this study, dreissenids increased their weight in the
hyto +Dreis treatment, which may indicate high biological activ-
ty of these animals. The dynamics of short-livedDaphnia longispina
ecame less stable as thedensityofD. longispina started todecrease,
eginning on 28 June in Phyto +Zoo+Dreis and on 19 July in the
hyto +Zoo treatment (Fig. 2). Faster andmore intensive collapse of
. longispina in the mussel treatment might indicate unfavourable
ffects of D. polymorpha on Daphnia, probably due to food com-
etition, because these animals occupy similar positions in the
reshwater food web. A decrease of Daphnia standing stock caused
y phytoplankton reductions resulting from zebra mussels grazing
as previously been observed (Horgan and Mills, 1999). However,
xcept for this single previous study and our current study, there is
lack of evidence suggesting the negative impact of zebra mus-
els on Daphnia sp. through interspeciﬁc competition. This may
e a result of the overall scarcity of literature concerning inter-
ctions between large ﬁlter-feeding zooplankton, such as Daphnia
nd zebra mussels. Still, there is some indirect evidence that the
ompetition between these two ﬁlter feeders may affect zooplank-s after 6 weeks of the experiment’s duration.
tivorous ﬁsh populations due to declining zooplankton resources
(Ryan et al., 1999; Strayer et al., 2004).
The Phyto +Zoo treatment had a higher concentration of NH4-N
than control and mussel treatments (Fig. 3a), which conﬁrms high
ammonia excretion by Daphnia. Similar observations have been
described in experimental studies (e.g., MacKay and Elser, 1998).
Since zebra mussels did not signiﬁcantly inﬂuence the concentra-
tion of NH4-N, there was a signiﬁcant positive effect of Daphnia
on the molar ratio of dissolved NH4:PO4. This Daphnia effect was
spectacular in the Phyto +Zoo treatment. However, the effect was
masked in the presence of zebra mussels.
The presented results indicate the ability of D. longispina to
increase the N:P ratio (ranging from 23 to 27; Fig. 5), but they
also show that the occurrence of zebra mussels may cancel this
effect due to their high P excretion. Daphnia has higher require-
ments for P than for N, due to higher amounts of RNA in Daphnia
cells as compared to other zooplankton species (Elser et al., 1996;
Stemberger and Miller, 1998). Thus, Daphnia recycle nutrients at a
high N:P ratio due to their low body N:P ratio (Sterner, 1990). It fol-
lows from ecological stoichiometry theory, that nutrient excretion
rate by an animal is positively correlated to the nutrient concentra-
tion in the food and negatively correlated to the nutrient content
of body tissues (Vanni, 2002).
Zebra mussels have low body P content (0.9% of soft tissue;
Naddaﬁ et al., 2009), which means that their body tissue allocates
less P to growth and suggests that they will probably excrete more
P than will an animal with a higher body P content. However, it is
worth highlighting that Naddaﬁ et al. (2009) indicated that zebra
mussels are not restricted in the range of their body mass stoi-
chiometry and may not be P limited if they graze on P-rich seston.
Naddaﬁ et al. (2009) showed the negative effect of Chl a on the
tissue N:P ratio. Speciﬁcally, the amount of phosphorus in tissue
rises with increasing Chl a, leading to a reduction of N:P ratio in
mussels. Consequently, D. polymorpha can change their nutrient
stoichiometry in response to the nutrient composition of available
food, which suggests that they may be very effective in exploiting
resources and may have high capacity for expansion (Naddaﬁ et al.,
2009). Nutrient remineralisation largely depends on animal body
size (Peters, 1983). Thus, small mussels excrete less N and more
P per gram of dry weight (Arnott and Vanni, 1996) and thereby
excrete at a lower N:P ratio than larger conspeciﬁcs (Arnott and
Vanni, 1996; see also Naddaﬁ et al., 2008). In our experiment, the
body size ofD. polymorpha individualswas diverse in natural condi-
tions (range: 2.2–20.6mm) because we did not separate colonies.
Our results showed a signiﬁcant decrease in the N:P ratio in the
water of Phyto +Zoo+Dreis and Phyto +Dreis treatments (Fig. 5),
which was the result of a high rate of phosphorus remineralisation.
198 A. Wojtal-Frankiewicz, P. Frankiewicz /
F −3
P
a
I
m
g
a
t
T
b
n
e
cig. 8. Chlorophyll a concentration [gdm ] of diatoms in: (a) Phyto, (b)
hyto +Zoo, (c) Phyto +Zoo+Dreis and (d) Phyto +Dreis treatments. Bars represent
n average of three replicates (±S.D.).
n our experiment, high phosphate phosphorus excretion by zebra
ussels was clearly observed up until 12 July (before the emer-
ence of the green algae bloom; Fig. 3b). An elevated amount of
ccessible phosphorus led to the intensiﬁcation of non-grazed phy-
oplankton production in zebra mussel treatments (Fig. 6c and d).
he dominant species was Hydrodiction reticulatum, which formed
looms in mussel treatments beginning on 26 July (Photo 1). Water
et is a ﬁlamentous green alga. Their cells are multi-nucleate and
ach cell is capable of forming a new colony (approximately 1000
ells) vegetatively, which enables this species to grow very rapidlyLimnologica 41 (2011) 191–200
when conditions are favourable (Wells et al., 1999). Water net
growth occurs within a temperature range of 5–40 ◦C, with opti-
mum growth at 25 ◦C, and reactive phosphorus concentrations of
5gdm−3 (Hawes and Smith, 1993). Additionally, H. reticulatum
may form blooms at relatively low N concentrations and low N:P
ratio (Hawes and Smith, 1992). This was conﬁrmed by our results
(Figs. 1c, 3, 4, 5; Photo 1). Anothermechanism responsible forwater
net blooms in mussel treatments might be connected with the
selective grazing pressure of D. polymorpha. The zebra mussel is
an effective ﬁlter feeder (Reeders et al., 1989) and removes par-
ticles ranging from 0.4 to 1200m (reviewed in Karatayev et al.,
2002). However, D. polymorpha is very selective in which parti-
cles are consumed (Baker et al., 2000) and generally rejects species
of green phytoplankton with larger cell sizes (Baker et al., 1998).
Additionally, high grazing rates of zebra mussels favours inedi-
ble phytoplankton by nutrient regeneration from consumed edible
species (Sterner, 1989).
Our study gives the ﬁrst example of the relationship between
zebra mussels and water net. Unfortunately, it is difﬁcult to
predict the ecological consequences of this association. In nat-
ural conditions, water net negatively affects macrophyte beds
through shading and smothering. Dense compacted accumulations
of H. reticulatum can cause local anoxic conditions while decay-
ing (Wells and Clayton, 2001). However, some ﬁsh (rainbow trout,
Oncorhynchus mykiss Richardson, and brown trout, Salmo trutta
L.) and gastropods (e.g., Potamopyrgus antipodarum Gray and Aus-
tropeplea tomentosa Pfeiffer) beneﬁt from water net blooms (Wells
and Clayton, 2001). These beneﬁts were reported to be a result of
trophic interactions because gastropods, themajor diet component
of trout, eat water net (Wells and Clayton, 2001). We cannot com-
pare our experimental results with the natural ecosystem in the
Sulejow Reservoir because water net blooms were not observed
there, probably due to different physico-chemical, biological and
hydrological conditions than our experiment (i.e., a scale effect).
Nevertheless, the presented results could indicate the potentially
major effect of zebra mussels on the nutrients and phytoplankton
community dynamics in water ecosystems.
In the Phyto +Zoo treatment, we did not observe any phyto-
plankton blooms (Figs. 6–8). Chlorophyll a concentrations were
generally low despite high values of conductivity (Fig. 1b), which
conﬁrmed the crucial role of the Daphnia genus in effective phy-
toplankton control. Selective grazing of D. longispina was directed
primarily at diatoms because the Chl a concentration of diatoms in
this treatment was the lowest (Fig. 8). Green algae appeared dur-
ing the last month of the experiment, probably as a result of the
Daphnia density collapse (Figs. 2 and 6b). However, phytoplankton
species composition depends on nutrient concentration, because
the nutrient uptake rate of phytoplankton is highly species-speciﬁc
(Sterner, 1989). Lack of H. reticulatum and cyanobacteria blooms
in the Phyto +Zoo treatment occurred because such phytoplank-
ton have a low optimal N:P supply ratio (Hawes and Smith,
1992; MacKay and Elser, 1998). The presented results indicate that
Daphnia may adversely affect cyanobacteria and/or water net and
prevent blooms forming by recycling nutrients at a high NH4:PO4
ratio (Sarnelle, 1992; MacKay and Elser, 1998).
In our opinion, the present study has two important aspects: (a)
the long duration of the experiment allowed for nutrient dynam-
ics observation and (b) the joint consideration of the inﬂuence
of two most important ﬁlter feeders of freshwater ecosystems
(Daphnia sp. and zebra mussels) on the phytoplankton commu-
nity structure, nutrient concentration and physical parameters.
The importance of the ﬁrst aspect is apparent when interpreting
the results of the experiment conducted by Dzialowski and Jessie
(2009). These authors conducted a mesocosm study and showed
that zebra mussels can negate or mask the increasing effects of
nutrient enrichment on algal biomass through their intensive ﬁl-
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ration rate. However, this experiment lasted for only 25 days. After
5 days, the authors observed a signiﬁcant decrease in the nutrient
nrichment effect on algae biomass in zebra mussel treatments as
result of the high ﬁltering activity of the mussels and an increase
n the nutrient enrichment effect on algal biomass in mesocosms
ithout zebra mussels, probably as an effect of algae growth. We
elieve that the duration of the experiment was too short to allow
or the authors to observe the nutrient ﬂuctuations in water caused
y the zebra mussels excretion, speciﬁcally the return of phospho-
us incorporated in the biomass of algae and then ﬁltered by zebra
ussels and removed as their excretion product.
In the present study, an increase of NH4-N and PO4-P concen-
rations was observed during the ﬁrst month of the experiment,
ainly as a result of the animals’ excretion process. Nutrients
oncentrations reached the maximum value on 12 July in all treat-
ents. Then, NH4-N and PO4-P concentrations gradually decreased
s a result of D. longispina density collapse and/or an increase of
et algae biomass resulting from selective ﬁltration and P-rich
xcretion of zebra mussels. Thus, the different modiﬁcations of
he environmental conditions caused by the biological activity of
aphnia sp. and zebra mussels were demonstrated in the experi-
ental containers. Our results also indicate the dominant role of
ebra mussels with relation to Daphnia sp. because many signiﬁ-
antDaphnia effects, especially those concerning temporal changes
f nutrients concentrations in water, were visible only when zebra
ussels were absent.
Previous studies have presented experiments examining the
nﬂuence of either Daphnia (e.g., Karjalainen et al., 1998; Compte
t al., 2009) or zebra mussels (e.g., Mellina et al., 1995; Bykova et
l., 2006) on ecosystems. Our experiment indicates the interactive
ffect of Daphnia and zebra mussels that we can expect in natural
onditions. However, ﬁeld research is needed to expand upon our
reliminary experimental study.
onclusions
The results of our experiment show that D. polymorpha and D.
ongispina can have different effects on phytoplankton community
tructure through nutrient recycling. Zebra mussels may directly
acilitate blooms of expansive green algae, H. reticulatum, by selec-
ive grazing on smaller forms of phytoplankton and may indirectly
acilitate blooms by excreting at a low nitrogen-to-phosphorus
atio. In contrast, Daphnia longispina prevents phytoplankton
looms by phosphorus limitation as a result of nutrient recycling
t high NH4:PO4 ratios.
We believe that the presented comparison of Daphnia and D.
olymorpha effects on phytoplankton community structure and
ynamics may be useful to clarify the understanding of food web
egulation.
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